Urban air quality is a rising concern for the general public, demanding focused research to better understand and mitigate health risks and to improve the quality of life. Transport microenvironments (a small-scale environment comprising the roadway and its immediate surroundings) have been linked to higher levels of air pollution and thus higher levels of exposure compared with background concentrations (1, 2) . Travelers using public transportation along busy arterial corridors may be exposed to greater-than-average levels of air pollution because of their proximity to high volumes of motor vehicles while waiting for a bus.
Particulate matter (PM) is a component of vehicle exhaust and one of six common air pollutants regulated by the U.S. Environmental Protection Agency (EPA) National Ambient Air Quality Standards (NAAQS). PM pollution is present at elevated levels along busy
Data ColleCtion
The study area is Powell Boulevard, a four-lane east-west urban arterial roadway in Portland, Oregon, connecting the outlying suburbs to the east and the central business district to the west. The corridor is typified by one-, two-and three-story buildings set back from the roadway, often by parking lots. Three bus stop shelters, denoted as Locations 1, 2, and 3, are included in the study, each with a three-panel design, in which one long panel forms the back of the shelter and two shorter panels form the sides, as shown in Figure 1 . The three bus stop shelters face either toward or away from the roadway. The details of the shelter environments are presented in Table 1 . The largest differences in built environment characteristics between shelters are at Location 3; a gas station across Powell Boulevard and a larger cross street result in a higher-traffic intersection than at Locations 1 and 2. Shelters are located either nearside or farside with respect to the intersection. Nearside bus stops are located immediately before an intersection in the direction of travel. Farside bus stops are located immediately after an intersection in the direction of travel.
Monitoring devices were placed in and around the bus stop shelters to measure PM concentrations, weather conditions, and vehicle flow. All data were collected in two sessions at each of the three study shelters; a session consists of the morning peak (7:00 to 9:00 a.m.) or evening peak (4:00 to 6:00 p.m.) periods. Data were collected in spring 2011.
PM concentrations were measured simultaneously inside and outside the bus stop shelters. PM 2.5 measurements were made by using two DustTrak DRX Aerosol Monitors (TSI Model 8533) capable of measuring concentrations between 1 and 150,000 µg/m 3 . UFP measurements were made with two P-Trak Ultrafine Particle Counters (TSI Model 8525), capable of measuring concentrations up to 500,000 particles/cm 3 (pt/cc) and particle sizes from 0.02 to 1 µm. Both sets of monitors were factory calibrated within a year before the start of data collections.
Wind speed and direction were measured with an RM Young Ultrasonic Anemometer (Young Model 81000) placed next to the outside location PM monitors. The anemometer could be used only during fair weather conditions and, as such, wind data were collected for just four sampling periods. Temperature and relative humidity data were gathered at a 1-min data resolution from a nearby weather station, located 2 km from Location 1 (farthest shelter) and 500 m from Location 3 (closest shelter).
Traffic speed, volume, and classification were collected by using an RTMS G4 unit (ISS Model K4-LV-CAM). Vehicle classification is inferred from vehicle length by the RTMS unit. Heavy vehicles were identified as any vehicle with a length greater than 6 m. The RTMS unit is designed for midblock operation and depends on vehicle movement for detection. To counter detection problems associated with vehicle queuing, the unit was placed approximately 60 to 70 ft away from the intersection crosswalk in an effort to avoid stopped vehicles. The RTMS unit was capable of recording traffic only in the direction of travel closest to the bus stop shelter.
Bus presence was collected during each sampling period by manually noting the arrival and departure of buses. A bus was marked as having arrived once it stopped in front of the shelter and as having departed once the rear of the bus passed the shelter.
Finally, the presence of smokers near the bus shelter was noted. However, these instances were very few. There were two documented cases of a smoker being within several meters of the bus shelter. These cases were excluded from the regression analysis.
Data were combined and organized into dependent and independent variables, described in Table 2 . All data were aggregated to 1-min intervals, and all analysis was based on this level of resolution.
Select vehicle and weather variables were lagged up to three periods to investigate delayed effects on particulate concentrations. Wind data are composed of wind speed and wind direction. Wind direction was split into four variables, each representative of a direction relative to the shelter and described in Table 2 . Raw wind direction data were output at 1-s intervals. One-minute aggregations are composed of the percent of time the wind blew in one of the four directions during the previous minute. Table 3 shows a summary of the data collected for all three locations. The mean UFP concentration for all data collected was 34,815 pt/cc. The mean value of PM 2.5 was 22.02 µg/m 3 . These values are greater than expected ambient background concentrations and are in line with existing literature results for near-road conditions in an urban environment (11, 19, 20) . Maximum concentrations are substantially higher.
Vehicle flow averaged 1,285 vehicles per hour. This unit of measure is not vehicles per hour per lane. Rather, this is a sum of all three lanes of travel in the direction closest to the shelter. Temperature averaged 49°F, with a wide range (31°F-73°F) indicative of changing meteorological conditions between average morning (41°F) and evening (58°F) sampling times. Similarly, relative humidity ranged from 26% to 94%, averaging 71%. Morning average relative humidity was 87%, and evening average relative humidity was 51%. Wind speed averaged less than 1 m/s, a low value but reasonable given that measurements were made at street level.
Correlation analysis
Previous work demonstrated a significant difference in particulate concentrations inside and outside the shelters with the dependent variables from this data set (18) ; statistical results also showed a Relative humidity at nearby weather station % significant difference between inside and outside concentrations as a function of shelter orientation. Shelters oriented away from the roadway tend to reduce transit user exposure levels inside the shelter by 1% versus outside the shelter; shelters oriented toward the roadway tend to increase transit user exposure levels inside the shelter by 29% versus outside the shelter. This analysis expands on those findings and seeks to determine the distinct contributions of location, traffic, and weather variables on PM concentrations, by using linear regression models. Initially, the dependent data were checked for normality using quantile-quantile (Q-Q) plots, and both variables were found to be skewed. As in previous research efforts, dependent variables were log-transformed to compensate for skewness (21) . Testing again for normality after log transformation, Q-Q plots for both variables suggested normal distributions. Dependent variables are thus logged for the rest of this paper. To investigate pairwise correlations between each particulate size and the independent variables, a Pearson test for association (α = 0.05) was performed between each vehicle and weather variable and each logged particulate variable. Results are presented in Table 4 .
The strongest predictors in the correlation analysis, temperature and humidity, were also the most global. More local variables, that is, vehicles and wind, were less correlated. Significant correlations were consistently observed for temperature and relative humidity for UFPs and PM 2.5 . In most instances, temperature was negatively correlated. Relative humidity was consistently observed to have a significant positive correlation with both particulate sizes. Vehicles, heavy vehicles, and wind speed and direction were inconsistently correlated, and few conclusions could be drawn about shelter design.
The inconsistencies in these results indicate the complexity of the environment surrounding the bus stop shelters. Correlations alone are not enough to explain the relationship between multiple independent variables and particulate concentrations. Linear regression models were thus estimated to further analyze the relationships between location, traffic, and meteorological variables. linear regression results
Models were specified for both particulate sizes inside and outside the shelter, for a total of four models. The models presented in this paper present variables significant at α = 0.05. The final model specifications are presented in Tables 5 and 6 . The final models were estimated in two steps. First, all variables, including lagged variables and interactions between groups of variables, were included in the model. Vehicle flow was tested for interaction with wind speed and wind direction to compare particulate levels when wind blows toward the shelter as vehicle volume varies. The location variables were tested for interaction with wind-related variables to compare wind effects for a shelter facing away from the roadway versus toward the roadway. For the second step of the estimation process, variables that were nonsignificant (at α = 0.05) were removed sequentially. In several instances during model specification, temperature and relative humidity were both significant, but the coefficient sign of one was the opposite of expected. For example, temperature and relative humidity both had negative coefficients in the model for UFPs inside the shelter, indicative of high correlation and near multicollinearity. To correct the issue, one of the two variables was removed-whichever had the least effect on the overall model. UFP levels inside the shelter were expected to decrease by 3% on average per degree Fahrenheit increase in temperature, holding constant all other variables. PM 2.5 levels inside the shelter were expected to decrease an average of 2% per degree Fahrenheit increase in temperature, holding constant all other variables. Wind speed and direction were irregularly significant. Wind speed was significant in the model only for UFPs inside the shelter. The coefficient sign was consistent with expectations, and UFP levels were expected to decrease an average of 19% with a 1 m/s increase in wind speed, holding constant all other variables. Note: r = Pearson correlation coefficient; p = observed significance level; TS = toward shelter; AS = away from shelter; WT = with traffic; AT = against traffic. Bold r-values indicate significance at p = .05 level.
In the presence of serial correlation, standard errors tend to be underestimated, which leads to the inclusion of nonsignificant variables in the model. Serial correlation for the models in Tables 5 and 6 was corrected by using an autoregressive model, AR(1). After application of the AR(1) term, insignificant variables were removed and the models rerun until all variables were significant at α = 0.05. No interactive or lagged terms were significant. The final model specifications are presented in Tables 7 and 8 . Location 3 is statistically significant in all four models. Bus presence and temperature are significant in three models. Of the variables listed in Table 2 , only vehicle flow is not significant in any model. The signs of the variables are in line with expectations, according to the literature findings. The coefficients of the models indicate percentage changes in the dependent variable per unit change of the independent variable, all else equal.
Wind speed variables were significant inside the shelter for UFPs and outside the shelter for PM 2.5 . Increased wind speed inside the shelter is expected to lower UFP concentrations, indicating wind is clearing out pollutants that would otherwise collect in the confined space. Wind outside the shelter brings higher PM 2.5 levels after a 2-min lag period. As temperature rises inside the shelter, lower particulate concentrations are expected. This temperature effect was apparent in substantially different morning and evening particulate concentrations. Although the temperature range observed in this study is narrow, the temperature variable may be acting as a proxy for unspecified variables. Notably, temperature is positively correlated with the time of day (morning versus evening). In addition, temperature can be correlated with other weather-related phenomena, such as changing inversion layers. PM 2.5 levels inside the shelter were expected to decrease an average of 20% 2 min after wind blows toward the shelter. PM 2.5 levels were expected to decrease inside the shelter at Location 1, with Location 2 as the reference. Weather was a consistently significant descriptor in the models. Temperature, relative humidity, or both were significant in every model.
Heavy vehicle flow was not significant in any model. Total vehicle flow, however, was significant in the UFP inside model. Lagged total vehicle flow was significant in the PM 2.5 outside model. Lagged significance explains the time it takes vehicle-based pollution to reach the shelter from the roadway.
Interactions between wind characteristics and the location dummy variables did not yield significance. UFP concentrations were expected to be lower on average when wind speed at Location 1 increases, and higher on average when wind blows in the direction of traffic at Location 1. Finally, the joint effect of vehicle flow, wind speed, and wind direction was estimated to increase UFP concentrations inside the shelter, PM 2.5 concentrations inside the shelter, and PM 2.5 concentrations outside the shelter.
autoregressive MoDel results
Following specification of the initial model for each particulate, models were tested for serial correlation, a common occurrence in time series data sets. Time series models are prone to serial correlation because the error term from one time period depends in some systematic way on the value of the error term in other time periods. The classical assumptions of linear regression state that the error terms of successive periods must be uncorrelated. The DurbinWatson and Ljung-Box Q-statistic were used to test the specified models in Tables 5 and 6 ; all models had significant positive serial correlation.
Significant traffic-related variables in the autoregressive models are limited to bus presence. The routine presence of a diesel engine close to the shelters increases exposure to UFPs and PM 2.5 for passengers waiting inside the shelter, and outside the shelter for PM 2.5 . An unexpected outcome was the insignificance of all vehicle and heavy-vehicle flow variables in the final AR(1) models, given the considerable body of literature showing higher pollutant levels near roadways, in which vehicles are the primary polluters. It is very likely that the joint effect of lagged vehicle pollution and wind are now captured by the serial correlation term, suggesting the importance of a period t pollution level in explaining the pollution level at period t + 1.
Significant location variables were limited to Location 3. Location 3 is close to an intersection with a major four-lane cross street and significant congestion levels; Locations 1 and 2 are close to minor intersections with two-lane cross streets. The sign for this variable is dependent on monitor location and pollutant. Both PM 2.5 and UFP concentrations are expected to be greater inside the shelter at Location 3, all else equal. Outside the shelter, PM 2.5 concentrations are expected to be lower at Location 3.
Elasticity and the effects of a one-unit increase in independent variables (semielasticity) were calculated from the AR(1) model results, presented in Tables 9 and 10 . These values are particularly useful for comparing differences in variable effects inside and outside bus stop shelters. For instance, temperature is less elastic inside the shelter than outside the shelter for UFPs, meaning the shelter is dampening the responsiveness of UFPs to changes in temperature. The same can be seen for the marginal increase, in which a 1° increase in temperature is expected to lead to a 3% and 5% decrease in UFP concentration inside and outside the shelter, respectively.
Aside from temperature, most other independent variables are relatively inelastic; their elasticity ratio is less than one, indicating more unresponsiveness of the dependent variable to changes in the independent variables. Keeping inelasticity in mind, the marginal increase of bus presence for UFP outside the shelter is of note. When the bus is at the shelter, UFP concentrations are expected to rise 105%, compared with just 23% inside the shelter although, on average, concentrations are higher inside the shelter, which may indicate that the shelter traps and maintains a higher level of particulates on average. The effects of Location 3 are similarly substantial, expecting concentration increases of more than 100% inside the shelter for UFPs and PM 2.5 . The effect of Location 3 is less, although still notable, outside the shelter for PM 2.5 . Location 3 is close to an intersection with a major four-lane cross street and significant congestion levels; Locations 1 and 2 are close to minor intersections with two-lane cross streets. The AR(1) models suggest local variables such as wind speed and bus presence affect particulates differently inside and outside the shelter. Future research is needed to expand the experimental design and better understand how shelter design can be used to minimize transit users' exposure. The magnitude of variable coefficients may also be used as a metric for minimizing exposure.
ConClusions
This study uses a log-linear regression model with lagged variables to determine the effects of several categories of environmental influences on exposure in bus stop shelters along busy urban corridors. Understanding how each variable differently affects particulate concentrations inside and outside a shelter is crucial for minimizing exposure for waiting transit passengers. As noted by others, transit agencies do not intend for passengers to be exposed to greater particulate concentrations, although air quality considerations are not included in any known guidelines. An increasing body of research demonstrates differences in particulate concentrations in and around bus stop shelters.
Among the traffic-related variables studied here, bus presence is the most significant and persistent variable. This result highlights the importance of reduced idling at the bus stops to improve air quality for transit riders that remain in the shelter waiting for a bus. Any operational improvement, such as Transit Signal Priority or Automatic Fare Payment, that reduces unnecessary bus idling at bus shelters will improve air quality for transit riders. Meteorological variables (temperature and humidity) also have a significant effect on exposure. Regression results indicate that to reduce unnecessary exposure to PM and UFP pollution it is particularly important to reduce passenger waiting time inside bus shelters on colder days. 
